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Influenza A virus polymerase subunit PB2 is a major
virulence determinant implicated in pathogenicity
and host adaptation. During cross-species virus
transfer from avian to mammalian cells, PB2
switches specificity from importin a3 to a7. This
specificity is not recapitulated in vitro, where PB2
binds all importin a isoforms with comparably high
affinity. In this study, we investigated the structure,
conformational dynamics, and autoinhibition of im-
portin a isoforms 1, 3, and 7 in complex with PB2.
Our data suggest that association of PB2 with a3
and a7 is favored by reduced autoinhibition of these
isoforms and by the unique structure of the nuclear
localization signal (NLS) domain of PB2. We propose
that by recruiting importin a3 or a7 in the absence of
importin b, PB2 reduces the complexity of adaptor-
mediated import to a pseudo-bimolecular reaction,
thereby acquiring a kinetic advantage over classical
NLS cargos, which form an import complex only
when importin a and b are simultaneously available.
INTRODUCTION
Trafficking of macromolecules between the cytoplasm and the
nucleus occurs through the selectively permeable barrier of
nuclear pore complexes (NPC), large channels that span the
nuclear envelope. Although permeable to molecules smaller
than 40 kDa, the majority of proteins are escorted through
the NPC in an energy-dependent process mediated by solu-
ble transport factors of the importin b superfamily (also known
as b-karyopherins) (Stewart, 2007). Originally identified on the
basis of a conserved N-terminal Ran-binding domain (Mosam-
maparast and Pemberton, 2004), b-karyopherins share signif-
icant structural homology with importin b (Cingolani et al.,
1999) and are able to move through the barrier of the NPC
by interacting with the FG repeats present in many of the nu-
cleoporins composing the NPC (Bednenko et al., 2003). The374 Structure 23, 374–384, February 3, 2015 ª2015 Elsevier Ltd All rclassical nuclear import pathway also relies on a second kar-
yopherin, importin a, which acts as an adaptor between im-
portin b and nuclear localization signal (NLS) cargos (Goldfarb
et al., 2004). Importin a contains an N-terminal importin
b-binding (IBB) domain (Lott and Cingolani, 2011) and a C-ter-
minal helical core composed of ten Armadillo (Arm) repeats
that form an extended binding surface for NLSs (Conti et al.,
1998; Kobe, 1999). The IBB domain is a functional NLS,
which, in the context of the full-length importin a, folds back
to autoinhibit the Arm core, thereby preventing NLS binding
in the absence of importin b (Harreman et al., 2003; Kobe,
1999). The classical import complex assembles in the cyto-
plasm upon recognition of an NLS by importin a, which re-
quires importin b-initiated displacement of the IBB from the
Arm core.
Importin a and importin b are built of helical repeats that
stack together to form solenoid structures (Cook et al.,
2007). Importin b contains 19 HEAT repeats, each of which
consists of two a helices that form a flexible superhelical
spring (Forwood et al., 2010; Kappel et al., 2010; Zachariae
and Grubmuller, 2008). Arm repeats found in the helical core
of importin a are similar to HEAT repeats, but the first helix
of the HEAT repeat is split into two smaller helices, generating
a three-helix motif (Andrade et al., 2001). This subtle change in
secondary structure leads to a far more rigid structure (Conti
et al., 2006). The Arm core of importin a contains two NLS-
binding pockets on its concave surface, between Arms 2–4
and 6–8, which are known as the major and minor NLS-bind-
ing pockets, respectively. The classical NLS consists of a
short stretch of basic residues that can be clustered consec-
utively, as in the SV40 monopartite NLS (KKKRK), or sepa-
rated by 10–12 residues, as in the nucleoplasmin bipartite
NLS (KR-10X-KKKK) (Jans et al., 2000). Monopartite NLSs
generally bind at the major NLS and, to a lesser extent, at
the minor site, while bipartite NLSs span both NLS-binding
sites (Chen et al., 2005; Conti and Kuriyan, 2000; Conti
et al., 1998; Fontes et al., 2003, 2000; Marfori et al., 2012).
Each NLS-binding pocket in importin a contains several sites
that accommodate basic residues and are termed P1–P5
for the major and P10–P40 for the minor NLS-binding site.
Strong electrostatic interactions between acidic NLS-binding
pockets and most classical NLSs usually result in lowights reserved
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Figure 1. Evolution and Structure of the Im-
portin a Isoforms
(A) Phylogenetic trees of the Arm cores (left) and
IBBs (right) of human importin a isoforms and the
yeast importin a (Kap60).
(B) ClustalX2 alignment of the IBB region of human
importin a isoforms. Basic conserved residues are
in blue, with acidic residues of subfamily a3 sur-
rounding the minor NLS in red. Highlighted in dark
and light gray are identical and similar residues,
respectively.
(C) Ribbon diagrams of PB2-NLD, in black, bound
to the Arm core of importin a1 (right, in cyan), im-
portin a3 (middle, in yellow), and importin a7 (left, in
purple). See also Table S1.nanomolar (5–50 nM) dissociation constants (Catimel et al.,
2001; Hodel et al., 2001), although weaker affinities have
also been reported (Lott et al., 2011).
There are seven isoforms of importin a in mammals (Mason
et al., 2009), of which importin a1 is thought to function as
the generic adaptor for NLS cargos (Kohler et al., 1999). A
growing number of import cargos have been shown to rely on
specific importin a isoforms (Pumroy and Cingolani, 2014). An
interesting example is the influenza A polymerase subunit
PB2, one of the three subunits of the influenza A RNA-depen-
dent RNA polymerase complex (PA, PB1, and PB2) that
catalyze viral RNA replication and transcription in the
nuclei of infected host cells (Resa-Infante et al., 2011). PB2 is
a major virulence determinant of influenza viruses, which has
been implicated in pathogenicity and host adaptation (Resa-
Infante and Gabriel, 2013). In vivo studies have shown that
PB2 found in avian influenza strains is imported into theStructure 23, 374–384, February 3, 2015nucleus by importin a3, but in mamma-
lian adapted strains, PB2 switches de-
pendency to importin a7 (Gabriel et al.,
2011; Hudjetz and Gabriel, 2012; Resa-
Infante et al., 2014). Structural studies,
including a crystal structure of PB2 in
complex with importin a5 (Tarendeau
et al., 2007), revealed that PB2 contains
an extended NLS domain (NLD), which
is connected by a flexible linker to an
independently folded N-terminal domain
(627 domain) (Tarendeau et al., 2008).
Several mutations implicated in cross-
species transfer are located on the
627-domain surface and possibly affect
PB2 interactions with other viral pro-
teins and/or host factors, including im-
portins (Resa-Infante and Gabriel, 2013).
Despite the selectivity for importin a iso-
forms observed in vivo, PB2-NLD binds
the Arm core of all importin a isoforms
with equivalent low nanomolar affinity
in vitro (Boivin and Hart, 2011). To deter-
mine the molecular basis for PB2 dis-
crimination among isoforms of importin
a, in this study, we have investigatedthe structure, dynamics, and association of PB2-NLD with
three representative isoforms of importin a.
RESULTS
Evolution and Diversification of Importin a Isoforms
Thehumangenomeencodes seven isoformsof importinagroup-
ed into three subfamilies: a1, a2, and a3 (Mason et al., 2009)
(Table S1 available online). These isoforms have similar lengths
(516–539 amino acids) and share as many as 31% identical and
50% conserved residues in their Arm cores (Figure 1A, left). Sub-
families a1 and a2 are more similar to each other than subfamily
a3, which diverged earlier in evolution from an ancestral gene,
possibly similar to yeast importin a (Kap60) (Mason et al.,
2009). Amino acid conservation in the Arm core varies within
each subfamily: the a2 and a3 subfamilies are the most
conserved, with 94% and 88% sequence identity, respectively,ª2015 Elsevier Ltd All rights reserved 375
Table 1. Crystallographic Data Collection and Refinement
Statistics
Importin
a1:PB2
Importin
a3:PB2
Importin
a7:PB2
Data Collection
Space group P212121 P41 C2
Cell dimensions
a, b, c (A˚) 77.1, 90.2,
100.7
135.68, 135.68,
47.31
242.3, 38.8,
67.9
a, b, g () 90, 90, 90 90, 90, 90 90, 98, 90
Resolution
limits (A˚)
15-1.70
(1.76–1.70)
15-2.70
(2.80–2.70)
15-2.42
(2.51–2.42)
Reflections
(total/unique)
344,360/
76,101
83,033/
23,809
566,026/
21,920
Completeness (%) 97.5 (97.9) 98.8 (98.2) 90.0 (60.4)
Rsym
a 4.9 (50) 22.3 (58.7) 8.3 (37.5)
I/s(I) 48.5 (5.6) 11.1 (2.3) 24.9 (4.7)
Wilson B
value (A˚2)
23.5 23.8 30.5
Refinement
Resolution (A˚) 15-1.70 15-2.70 15-2.42
Number of reflections 141,899 23,788 40,116
Rwork/Rfree
b 16.29/
19.08
18.48/
23.86
18.89/
23.10
Number of atoms
Importin a 3247 3219 3298
PB2 559 568 569
Water 475 288 157
B factors (A˚2)
Importin a 31.8 28.3 36.3
PB2 45.5 44.7 33.4
Water 45.3 31.2 28.0
rmsd
Bond lengths (A˚) 0.006 0.011 0.003
Bond angles () 1.06 1.08 0.73
Ramachandran plot
(%), core/allowed
and generously
allowed/disallowed
99.0/
0.8/0.2
95.9/
4.1/0
98.8/
1.2/0
Values in parentheses are for highest-resolution shells.
aRsym =
P
i;h

Iði;hÞ  hIðhÞi=Pi;h

Iði; hÞ, where I(i,h) and hIðhÞi are the ith
and mean measurement of intensity of reflection h.
bTheRfree valuewascalculatedusing2,000 reflections selected randomly.which drops to 59% in the a1 subfamily. Aligning importin a iso-
forms by the IBBdomain results in a classification consistentwith
that producedusing theArmcore (Figure 1A, right).Within the IBB
domain, three clusters of basic amino acids are conserved in all
isoforms: the KRR and RxxR motifs, which bind major and minor
NLS-binding sites of importin a, respectively (Kobe, 1999), and
the RKxKK/R motif, which interacts with the recycling factor
Cse1 (Matsuura and Stewart, 2004) (Figure 1B). The minor
NLS-binding motif is the least conserved and shows significant
variation at positions P20 and P30. Whereas the fully autoinhibited
importin a1 has four consecutive Rs (RRRR), the position P30 is
replaced with Q in importin a8/a3 and an H is found in importin376 Structure 23, 374–384, February 3, 2015 ª2015 Elsevier Ltd All ra4. Likewise, isoforms of the a3 subfamily have acidic residues
immediately flanking each side of the minor NLS-binding site.
We predict that subtle differences in the Arm core sequence,
together with differential autoinhibition due to amino acid differ-
ences in IBBs, are important determinants to decipher how
NLS cargos discriminate among different isoforms of importin a.
Crystallization of Importin a IsoformsBound to PB2-NLD
We have determined the crystal structures of the PB2-NLD
(residues 678–759) in complex with representative isoforms
from each subfamily of mammalian importin a, namely a1, a3,
and a7. All isoforms used for crystallization lacked the N-terminal
IBB domain that is linked to the Arm core by a protease sensitive
flexible linker (Cingolani et al., 2000). High-resolution diffracting
crystals of isoforms a1 and a7 bound to PB2-NLD were readily
obtained, whereas the isoform importin a3 was recalcitrant to
crystallization. Controlled dehydration of crystallization droplets
against a reservoir solution containing 1 M salt gave 10-mm-
thick needle-like crystals that diffracted to 2.7 A˚ resolution. The
3D structures of subfamily representative isoforms bound
to PB2-NLD were solved and refined to an Rfree value between
19% and 23% (Table 1). Thus, the NLD of influenza stabilizes
the solenoid structure of all importin a isoforms, allowing
for crystallization. As dehydration is a classic approach to
increasing the resolution of crystals of flexible proteins (Roy
et al., 2012), it is possible that importin a3 adopts a more flexible
conformation than the other isoforms.
Subtle Differences in the Arm Superhelix Among
Importin a Isoforms
Importin a isoforms bound to PB2-NLD share a similar 3D organi-
zation, consisting of ten stacked Arm repeats (Figure 1C). The
highly conserved architecture of the Arm repeats leads to extreme
structural conservation, which is also observed in the non-karyo-
pherin Arm repeat containing proteins such as b-catenin (Huber
et al., 1997). PB2-NLD contains a globular domain (PB2-GD)
(residues 678–736) built by 3 b stands packed against two short
a helices that connect to an extended bipartite-like NLS (PB2-
biNLS) (residues 737–759). As seen in complexes with importin
a5 (Tarendeau et al., 2007), PB2-GD sits above the minor NLS-
binding pocket of importin a and makes minimal contacts with
C-terminal Arms 7–10. PB2-biNLS runs antiparallel to the importin
a Arm core, making extensive contacts that span from minor to
major NLS-binding pockets (Figure 1C). A secondary structure
matching alignment of the three importin a isoforms reveals a
global root-mean-square deviation (rmsd) of 1.27 A˚ between im-
portin a1 and a3, 1.33 A˚ between importin a3 and a7, and 1.82 A˚
between importin a1 and a7. A beads-on-a-string representation
of the three isoforms, aligned with respect to PB2-GD (Figure 2A),
reveals significant deviation in the position of the importin a N
termini. To break down these differences, the rmsd between pairs
of adjacentArm repeatswasmeasured for each isoformandcare-
fully compared (Figure S1). This analysis suggested that the re-
gions of greatest deviation between isoforms are between Arms
3 and 4 for importin a3, Arms 4 and 5 among all importin isoforms,
and Arms 8 and 10 for importin a7. Comparing the amino acid
sequence and individual Arm repeats in each isoform, we identi-
fied two structural determinants thatmay contribute todifferences
in flexibility andpossibly curvature: first, importina3 anda7 have aights reserved
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Figure 2. Structural Comparison of Human
Importin a Isoforms
(A) Structural alignment of a1, a3, and a7 (shown as
beads on a string) bound to PB2-NLD (in ribbons).
Alignment is based on superimposition of PB2GDs
using as reference PB2-NLD solved in complex
with importin a1. Beads-on-a-string models of
importin a isoforms were drawn in PyMol by
reducing each Arm repeat to a single point based
on the a-carbon of the conserved tryptophan
positioned in the middle of helix H3.
(B) Schematic diagram of the helices of an Arm
repeat.
(C) Cartoon representation of the importin a iso-
forms with helices depicted as cylinders. Residues
at the H1/H2 interface are shown as spheres, with
glycines in black and polar or charged residues in
green. The color coding of importin a isoforms in
panels (A) and (C) is the same as in Figure 1C. See
also Figure S1.larger number of bulky hydrophobic residues conserved at the in-
terfaces between Arm repeats in their regions of high rmsd; sec-
ond, Arm repeats show different degeneration among isoforms
at the break between helix 1 (H1) and helix 2 (H2) of each Arm
repeat (Figure 2B). In importin a1, a helix-breaking glycine is
conserved between helices H1 and H2 (Figure 2C) at eight of the
tenArm repeats,with the exception of Arm1,which lacks a proper
helix H1, and Arm 5, which presents two helices fused together
into a single helix, analogous to a HEAT repeat (Andrade et al.,
2001). In contrast, importin a3 and a7 have several Arm repeats,
where the helix-breaking residue between H1 and H2 is replaced
by a helix-promoting polar or charged residue. In a3, this is partic-
ularly evident at theC terminus, where Arms 7–9 haveD,N, andN,
respectively, between H1 and H2 (Figure 2C). Thus, degenerated
Arm repeatsmaycontribute toahigherflexibilityof importina3and
possibly a7 compared with importin a1.
Importin a Isoforms Share an Invariant NLS-Binding
Groove
PB2 binding to importin a isoforms buries 9.7%, 9.8%, and 9.0%
of the total exposed surface of importin a1 (1,818 A˚2/18,654 A˚2),Structure 23, 374–384, February 3, 2015a3 (1,854 A˚2/ 18,831 A˚2), and a7
(1,740 A˚2/19,247 A˚2), respectively. Map-
ping conserved residues on the concave
surface of importin a isoforms occupied
by PB2 reveals an essentially identical
NLS-binding groove (Figure 3A). In
contrast, systematic differences exist at
the C termini (Arm 8–10) and on the
convex surface, which are not involved
in binding to PB2. Comparing the elec-
trostatic potential molecular surface of
importin a isoforms reveals highly
conserved patches of acidic residues
at the major and minor NLS-binding
pockets, as well as scattered acidic resi-
dues especially at the N and C termini of
importin a3 (Figure S2). This is consistent
with the slightly lower isoelectric point ofthis isoform compared with a1 and a7, which, excluding the
IBB domain, is 4.55 versus 4.91 and 4.62.
Recognition of PB2-NLD by importin a isoforms follows similar
principles to those previously described for importin a5 (Taren-
deau et al., 2007), with subtle differences in the three subfam-
ilies. PB2 binding to the major NLS-binding pocket is essentially
identical in the three isoforms (Figure 3B): PB2K752 occupies the
P2 site and forms a salt bridge with D192/187/197 (in importin
a1/a3/a7, respectively), while PB2R753 and PB2R755 are held in
place in the P3 and P5 sites, respectively, by hydrogen bonds
with the conserved tryptophans on Arm 2–4, namely W142/
137/147, W184/179/189, and W231/222/232. Instead, at the
minor NLS-binding site (Figure 3C), PB2K738 occupies the P10
site and makes hydrogen bonds in the cavity made by the loops
between Arm 7–8 and 6–7. PB2R739 in the P20 site forms a salt
bridge with E396/387/397 as well as hydrogen bonds with the
conserved tryptophans on Arms 7 and 8: W357/348/358 and
W399/390/400. Interestingly, PB2-NLD contains additional de-
terminants binding to the minor NLS-binding site outside the
classical bipartite NLS, namely, PB2R737, which binds at a P00
position, and PB2K718, which in all three isoforms projects fromª2015 Elsevier Ltd All rights reserved 377
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Figure 3. Interactions of PB2-NLD at the
Major and Minor NLS-Binding Sites of
Importin a Isoforms
(A) Surface representation of importin a1 bound to
PB2-NLD (shown as black ribbon); in blue are
residues identical in all human isoforms; in light
gray are residues that are not conserved in all
human isoforms.
(B) and (C) Magnified view of the major (B) and
minor (C) NLS-binding sites of importin a1 (top),
importin a3 (middle), and importin a7 (bottom).
See also Figure S2.the PB2-GD to bind in trans to the P30 position (Figure 3C). In a1
and a3, PB2R737 forms a salt bridge with D442/D433, while a
hydrogen bond is made with N443 in importin a7. On the other
hand, in a1 and a7, PB2K718 inserts into the pocket at the helical
interface between Arms 6 and 7, where it makes hydrogen bonds
with polar residues. In contrast, for importin a3 only, PB2K718 is
found outside this binding pocket, where it forms a salt bridge
with nearby D271, a residue conserved in all isoforms. Apart
from PB2K718, PB2-GD makes negligible contacts with the Arm
core of importin a isoforms, mainly due to the conformation of
PB2-biNLS at the minor NLS site, which forms a barrier between
GD and the Arm core. Thus, consistent with the comparably high378 Structure 23, 374–384, February 3, 2015 ª2015 Elsevier Ltd All rights reservedbinding affinity measured in vitro (Boivin
and Hart, 2011), recognition of PB2-
NLD by importin a isoforms reveals a
conserved pattern of contacts. This sug-
gests that the molecular determinants
responsible for in vivo discrimination of
importin a3 and a7 must reside outside
the NLS-binding groove.
Importin a3 Is More Flexible Than
Other Isoforms and Contains
a Hinge at the Major
NLS-Binding Site
We used equilibriummolecular dynamics
(MD) simulations to examine the confor-
mational flexibility of importin a isoforms
in the apo- and PB2-bound conforma-
tions. Similar to previous analyses of im-
portin b flexibility (Kappel et al., 2010),
we measured the distance between the
first and last Arm repeat tomonitor fluctu-
ations in the overall length of the proteins
over the course of 0.4 ms simulations.
This analysis revealed that the three
isoforms importin a1, a3, and a7 display
only small end-to-end distance fluctua-
tions when bound to PB2-NLD (Fig-
ure 4, (i)). All isoforms retain a similar
equilibrium length and show narrow
distributions around their equilibrium
conformation. By contrast, the flexibility
of the unliganded importin isoforms is
increased and larger differences be-
tween a3 and the other two isoformsoccur (Figure 4, (ii)–(iv)). In particular, a3 exhibits a greater degree
of flexibility, as shown by a broader end-to-end distance distri-
bution and a somewhat larger shift from its liganded equilibrium
length. All fluctuations of importin a3 can be described by a
Gaussian function centered at 7.25 nm (Figure 4, (iii)). In analogy
to importin b (Kappel et al., 2010), importin a can be thought of
as a Hookean spring and a spring constant keq (defined as
force/extension [N/m]) can be calculated from the end-to-end
distance distribution in Figure 4, (ii)–(iv), and used to compare
the relative flexibility of each isoform. We found that the
mean spring constant keq of free importin a1, a3, and a7 is
(123.4 ± 13.8) 3 103 N/m, (80.1 ± 17.5) 3 103 N/m, and
(i)
(ii)
(iii)
(iv)
Figure 4. Equilibrium Molecular Dynamics Simulations of Importin a
Isoforms
End-to-end distancemeasurements of importin a isoforms bound to PB2-NLD
(i) or free importin a1 (ii), a3 (iii), and a7 (iv). Shaded bars display equilibrium
fluctuations of importin a isoforms elongations obtained from a 0.4 ms equi-
librium simulation. On the y axis, P is the normalized probability distribution.
See also Figure S3.(122.4 ± 23.8) 3 103 N/m, respectively. This suggests that
importin a3 is a 65% softer spring than a1 and a7, which allows
larger end-to-end equilibrium fluctuations, although it is still
eight times stiffer than yeast importin b (spring constant of
[10 ± 4] 3 103 N/m) (Kappel et al., 2010).
We then examined the interfaces between individual Arm
repeats to determine the regions of greatest motion in each iso-
form. This analysis revealed a hinge region between Arm 3 and
4 of the apo-importin a3 not present in importin a1 or a7 (Fig-
ure S3). This hinge is immobilized in an extended position by
the binding of PB2-NLD. In addition, importin a3 has increased
variability in curvature between Arms 6 and 7 and Arms 8 and
9, regions that were also constrained by binding to PB2-NLD.
In contrast, importina1 anda7had a reduced difference between
their Arm repeats between apo- and PB2-bound forms. In both
isoforms, the C-terminal Arm repeats contain the most signifi-
cant variations, regardless of the presence of PB2-NLD. As the
hinge observed in importin a3 occurs right at the binding site
for the major NLS, we predict that importin a3 will bind weakly
to an NLS that relies primarily on the major NLS-binding pocket.
Reduced Autoinhibition of Importin a3 for PB2-NLD
We used a semi-quantitative GST-pulldown assay to examine
the interplay between PB2-NLD binding to specific importin a
isoforms and autoinhibition by the IBB domain. GST-tagged im-
portin a isoforms either lacking the IBB domain (DIBB-importin a)Structure 23, 37or full-length (FL-importin a) were incubated with MBP-tagged
PB2-NLD and, after extensive washing, bound PB2-NLD was
analyzed by SDS-PAGE and quantified. As expected, all DIBB-
importin a isoforms bound PB2-NLD in a 1:1 molar ratio (or
100% of importin a bound to cargo). Due to autoinhibition,
reduced binding of PB2-NLD with FL-importin a1 (32%) and a7
(62%) was observed, whereas a stoichiometric quantity of
PB2-NLD was recovered with importin a3 in the presence and
absence of IBB (Figure 5A). To control for different levels of
autoinhibition between cargos, an MBP-tagged construct of
the nucleoplasmin NLS (NP-NLS) was also tested for binding
to importin a isoforms (Figure 5B). As observed for PB2-NLD,
DIBB-importin a1 and a7 bound stoichiometric quantities of
NP-NLS, while drastically reduced binding to the FL-importin
a1 (25%) and FL-importin a7 (46%) was observed, confirming
that both isoforms are autoinhibited by their IBBs, although to
a different extent. As reported for influenza A virus nucleoprotein
(Melen et al., 2003), we observed significantly reduced binding of
NP-NLS to DIBB-importin a3, with only 45% of possible binding
sites occupied by this cargo (reduced to 35% with FL-importin
a3). Likewise, importin a5, which is 81% identical to a7, showed
autoinhibition and binding properties comparable with those of
importin a7 (Figure S4).
To further dissect the interaction of PB2-NLD and importin a3,
two mutants of PB2 were generated and tested: PB2-NLD-
K718A, which lacks the PB2K718 binding in trans to the P30 site
(Figure 3C), and PB2-biNLS, which contains only the biNLS but
lacks PB2-GD. Importin a1 and a7 showed similar association
to the K718A mutant as with the wild-type PB2-NLD (Figure 5C),
characterized by equimolar binding to the DIBB constructs and
reduced binding to the FL-importin a1 (20%) and a7 (43%) due
to autoinhibition. In contrast, this mutation reduced by one-third
the affinity of PB2-NLD for importin a3 (66% for DIBB and 72%
for FL), suggesting that this isoform is more sensitive than a1
and a7 to mutations that weaken binding to the minor NLS-bind-
ing pocket. Strikingly, entirely removing the PB2-GD (Figure 5D)
reduced binding to all DIBB constructs (51% to a1, 27% to a3,
and 81% to a7) and even more pronouncedly to FL isoforms
(7% to a1 and a3, 21% to a7). This suggests that the PB2-biNLS
is weaker than theNP-NLS, and that PB2-GD synergizes with the
biNLS to bypass autoinhibition upon binding to importin a3.
However, as seen in the crystal structure (Figure 1C), PB2-GD
makes negligible contacts with importin a isoforms on its own.
Interestingly, a crystal structure of importin a1 bound to PB2-
biNLS lacking the GD reveals a frameshift at the minor NLS
site, where the first two basic residues of the PB2 minor NLS
box are shifted by two positions (Figure S5). This suggests that
PB2-GD provides a register for the minor NLS-binding boxes
to associate with the Arm core. In summary, using a semi-quan-
titative pulldown assay, we have determined that high-affinity
binding of PB2-NLD to importin a1 and, in part, a7 is autoinhi-
bited by their IBB domains, but occurs in an IBB-independent
manner for importin a3. The preferential binding of this isoform
to PB2-NLD requires an N-terminal GD, which provides a topo-
logical advantage to the biNLS.
Swapping IBBDomains Partially Restores Autoinhibition
To further examine how differential autoinhibition by IBBs affects
isoform specificity for PB2, we focused exclusively on the4–384, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 379
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A
C D
B Figure 5. Pulldown Analysis of the Interac-
tion of Importin a Isoforms with NLS Cargos
GST-tagged importin a isoforms lacking the IBB
(DIBB) or full length (FL) were immobilized
on glutathione beads and incubated with (A)
PB2-NLD, (B) NP-NLS, (C) PB2-NLD-K718A, and
(D) PB2-biNLS (residues 738–759). Pulldowns are
shown as mean ± SD for three experiments.
Student’s t test was used to determine signifi-
cance, where *p<0.05, **p<0.01, ***p<0.001, and
NS is not significant. See also Figure S4.isoforms a1 and a3, which display the tightest and loosest auto-
inhibition for PB2-NLD, respectively, and generated two sets of
mutants in the IBB domain. The first set of mutants had an
R/Q substitution of position P30 of the minor NLS-binding clus-
ter RRRR (FL-importin a1 [RRQR]) of a1, which emulates the
equivalent sequence found in importin a3 (Figure 1B); the recip-
rocal mutation (Q/R) was also introduced in importin a3 (FL-im-
portin a3 [RRRR]). The second set of mutants had a total swap of
IBBs between the two isoforms to yield the chimera IBB3-impor-
tin a1 and IBB1-importin a3. We tested these mutants for their
ability to bind PB2-NLD and, as control, NP-NLS using the pull-
down assay previously described. Interestingly, all importin a1
mutants showed increased binding to cargo compared with
wild-type FL-importin a1. Binding of PB2-NLD to the FL-importin
a1 (RRQR) increased from 32% to 52% and to 70% for IBB3-im-
portin a1 (Figure 6A). Similarly, the NP-NLS control showed a
comparable trend consistent with loss of autoinhibition, going
from 25% of FL-importin a1 to 66% with FL-importin a1
(RRQR) and 57% with IBB3-importin a1 (Figure 6B). Thus, the
IBB domain of importin a3 is less autoinhibiting, partially
because of the presence of a natural Q/R in its minor NLS-380 Structure 23, 374–384, February 3, 2015 ª2015 Elsevier Ltd All rights reservedbinding box. On the other hand, FL-impor-
tin a3 (RRRR) and the chimera IBB1-im-
portin a3 saw amodest gain of autoinhibi-
tion for PB2-NLD (Figure 6A). The control
experiment with NP-NLS confirmed this
trend: 35% of NP-NLS bound to FL-im-
portin a3 decreased to 27% with FL-im-
portin a3 (RRRR) and only 12% with
IBB1-importin a3 (Figure 6B). Thus, natu-
ral variation in the amino acid sequence at
the minor NLS-binding box of the IBB be-
tween isoforms modulates autoinhibition.
DISCUSSION
The evolution of an ancestral importin a
gene into seven isoforms is part of the
regulatory diversification characterizing
higher eukaryotes that makes the trans-
port machinery redundant and extraordi-
narily complex to study. In light of such a
plethora of import adaptors, it is not sur-
prising that viruses have learned how to
exploit the host import machinery by
developing specialized NLS cargos thattarget specific isoforms of importin a. In this study, we have
investigated how influenza A virus PB2 discriminates among
importin a isoforms. Our structural and biochemical analysis of
importin a isoforms bound to PB2-NLD led us to four novel find-
ings. First, all importin a isoforms share an essentially invariant
NLS-binding surface (Figure 3A) but differ greatly in conforma-
tional flexibility (Figure 4). A larger range of extension/compres-
sion was observed for importin a3 than the other isoforms,
with that increased range of motion coming from a hinge be-
tween Arms 3 and 4. Second, subtle differences in amino acid
sequence in the IBB domain result in different levels of autoinhi-
bition among importin a isoforms (Figure 5A). We found a
gradient of autoinhibition, from importin a1 consistently having
the strongest autoinhibition, importin a5/a7 having looser autoin-
hibition, to a3 with the weakest autoinhibition for classical NLSs
and a total loss of autoinhibition for PB2. Third, importin a3 Arm
core has an intrinsically reduced affinity for bipartite NLSs
compared with the other isoforms, likely reflecting the increased
breathing of the major NLS-binding site in this isoform. This
reduced affinity is seen for the classical NP-NLS (Figure 5B),
for its own IBB (Figure 5A), which is an intramolecular NLS,
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A B Figure 6. Pulldown Analysis of the Interac-
tion of Importin a Isoform IBB Mutants
with PB2
GST-tagged importin a1 and a3 lacking the IBB
(DIBB), full length (FL), Q/R mutants, and IBB
swaps were immobilized on glutathione beads and
incubated with (A) PB2-NLD or (B) control NP-NLS.
Pulldowns are shown as mean ± SD for three ex-
periments. No interaction was observed between
free MBP, GST-importin, and glutathione beads
(Figure S5). Student’s t test was used to determine
significance, where *p<0.05, **p<0.01, ***p<0.001,
and NS is not significant. See also Figure S6.and for the strongly autoinhibiting IBB domain of importin a1
(Figure 6A). Fourth, PB2-NLD has an unusually strong minor
NLS-binding box, with an additional basic residue at position
P00 and 718K exposed in trans from its GD (Figure 3C). This
finding reinforces the biological importance of the so-called mi-
nor NLS-binding site of importin a, which has recently been
bolstered by the discovery of import cargos that bind exclusively
(Chang et al., 2013; Kosugi et al., 2009; Lott et al., 2011; Pang
and Zhou, 2014) or primarily (Giesecke and Stewart, 2010) to
the minor NLS-binding site.
PB2 Is a Specialized Viral Cargo that Is Able to Hijack
Specific Importin a Isoforms
In the attempt to define structural determinants that uniquely
define cargos specific to importin a3, we made the interesting
observation that a GD of PB2, C-terminal of the bipartite NLS,
is essential for proper association with importin a3 and to a
lesser extent a1 and a7 (Figure 5D). Interestingly, other cargos
known to bind importin a3 also share a similar GD next to the
NLS; for instance, RCC1 has a large b-propeller C-terminal of
its NLS (Makde et al., 2010), PARP-2 contains a globular WGR
domain flanking the N-terminal NLS (Haenni et al., 2008), and
NF-kB p50/p65 has an immunoglobulin-like domain immediately
before its NLS (Jacobs and Harrison, 1998). RCC1 is of particular
interest because, like PB2, it is specifically imported by importin
a3 despite the ability to bind to the Arm cores of all isoforms, and
its b-propeller domain is a determinant for isoform specificity
(Friedrich et al., 2006; Kohler et al., 1999). Thus, we propose
that a GD flanking the NLS provides a register for high-affinity as-
sociation to importin a3, which may allow certain cargos to sta-
bilize the intrinsically flexible backbone of this isoform, freezing
the Arm superhelix in a more extended conformation (Figure 4(i)).
Evolutionary Advantages of Having Multiple Isoforms
Both importina3anda5/a7analyzed in this study are significantly
less autoinhibited for PB2 than the universal a1 (Figures 5A and
S4), as also seen previously with importin a5 and STAT1 (Nar-
dozzi et al., 2010a). This suggests that a fundamental distinctive
property of isoforms of subfamilies a2 and a3 could be the
reduced degree of intramolecular autoinhibition compared withStructure 23, 374–384, February 3, 2015the universal importin a1. Based on these
variations in autoinhibition and import
complex assembly dynamics,wepropose
that importin a isoforms of subfamilies a2
and a3 provide a fast track for nuclearimport of important cellular cargos. Viruses may have learned
to exploit this fast track by evolving proteins that bind preferen-
tially to less autoinhibited isoforms of importin a. In support of
this hypothesis, a growing number of viral proteins have been
found to be imported by members of the subfamily a2 and a3
(Nardozzi et al., 2010b; Pumroy and Cingolani, 2014).
Mechanistically, how does association of an NLS cargo to a
less autoinhibited importin a isoform confer a fast track to the
cell nucleus? Riddick and Macara (2007) demonstrated that
adaptor-dependent nuclear import that relies on importin a1
(a trimolecular reaction) is significantly slower than adaptor-inde-
pendent import (a bimolecular reaction) (Figure 7, (i) and (ii)),
mainly because of the kinetic cost of forming a complex of three
soluble proteins (e.g. importin b, importin a1, and NLS cargo), as
opposed to two (e.g. importin b and NLS cargo). Import cargos
like PB2 and RCC1 (Friedrich et al., 2006) compete off the IBB
domain of importin a3 (or a7) in the absence of importin b, gain-
ing a kinetic advantage over classical NLS cargos, which form an
import complex only in the presence of importin b. The ability to
pre-complex importin a effectively reduces the complexity of
adaptor-mediated import to a pseudo-bimolecular reaction be-
tween a preformed cargo-importin a complex and the receptor
importin b (Figure 7, (iii)). This may provide a selective advantage
over the bulk of classical cargos that compete with each other
(Timney et al., 2006), and the IBB for binding to importin a iso-
forms, and do so productively only in the presence of importin
b. This proposed fast track for nuclear import is expected to
be physiologically important especially at low concentrations
of importin b, when importin a/b-dependent nuclear transport
occurs less efficiently (Yang and Musser, 2006). Although the
estimated cellular concentration of importin b is high (3 mM)
relative to importin a (1 mM) (Riddick and Macara, 2005), free
importin b available for binding to importin a/NLS cargos is likely
limiting in a proliferating cell. A significant percentage of importin
b is thought to be stuck in the NPC bound to FG-nups (Kapinos
et al., 2014; Riddick and Macara, 2007) and much of the remain-
ing soluble importin b also binds RanGTP (Wente and Rout,
2010), snRNPs (via snurportin) (Lott et al., 2010), and adapter-in-
dependent cargos like PTHrP (Cingolani et al., 2002). In conclu-
sion, this study defines novel structural and biochemicalª2015 Elsevier Ltd All rights reserved 381
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Figure 7. Model for PB2 Nuclear Import by
Importin a Isoform 3 and 7
Schematic diagrams of (i) adaptor-independent
nuclear import; (ii) adaptor and receptor-dependent
nuclear import; (iii) proposed nuclear import of PB2.properties of importin a isoforms 3 and 7 that help decipher how
the nuclear import machinery could function as a determinant for
influenza A virus host adaptation.
EXPERIMENTAL PROCEDURES
Molecular Biology Techniques
The genes encodingmouse a1 (Lott et al., 2011) and human importin a3 and a7
(Boivin and Hart, 2011) were cloned as FL and DIBB in vector pET28a (Nova-
gen) and pGEX-6P (GE Healthcare). The IBB-swap mutants (IBB3-importin a1
and IBB1-importin a3) were generated bymegaprimer PCR and inserted into a
pGEX-6P vector. Influenza A PB2-NLD (residues 678–759) from strain (A/Vic-
toria/75/1995(H3N2)) was inserted into the pGEX-6P vector between BamHI
and XhoI sites. MBP-tagged PB2-NLD (residues 678–759) and NP-NLS (resi-
dues 155–170) were previously described (Pumroy et al., 2012). MBP-tagged
PB2-biNLS (residues 738–759) was generated by long PCR. Site-directed
mutagenesis was used to introduce a stop codon after position 487 of importin
a3, point mutations R30Q and Q28R in importin a1 and a3, respectively, and
K718A mutation in PB2. All constructs generated in this study were entirely
sequenced to ensure the correctness of the DNA sequence.
Expression and Purification of Recombinant Proteins
GST-PB2-NLD and untagged or 6xHis tagged importin a isoforms were co-ex-
pressed in BL21-AI cells (Invitrogen), induced with 0.1 mM IPTG and 0.1%
arabinose, and grown overnight at 20C. Cell pellets were resuspended in lysis
buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA, 5 mM BME, 1 mM
PMSF, and 0.2% Tween-20) and lysed by sonication. Clarified lysates were
incubated with GST resin (GenScript) and beads were washed with complex
buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA, 5 mM BME, 0.1 mM
PMSF). The PB2-NLD:importin a complexes were removed from immobilized
GST resin by the overnight application of PreScission protease. The 6xHis tag
was removed by the overnight application of TEV protease. MBP cargos were
purified as in (Pumroy et al., 2012). GST-importin a isoforms were expressed in
BL21-AI cells and purified as in Nardozzi et al. (2010a). Complexes, MBP car-
gos, and GST-importin a isoforms were further purified by size exclusion chro-
matography on a Superdex 200 or 75 16/60 (GE Healthcare) in complex buffer
and concentrated by ultrafiltration.
Pulldown Assay and Quantification
The pulldown assay was carried out as previously described (Lott et al., 2010).
25 ml of GST-importin a at 24 mMwere incubated for 15 min with 25 ml of gluta-
thione resin beads equilibrated with complex buffer. Beads were washed three382 Structure 23, 374–384, February 3, 2015 ª2015 Elsevier Ltd All rights reservedtimes with 700 ml of complex buffer. 25 ml of MBP-
tagged cargo were added at 2.5x molar excess
(60 mM) and incubated for 15 min. Beads were
then washed three times with 700 ml of complex
buffer; 25 ml of 23 Laemmli buffer was added to
the beads and samples boiled for 5 min at 95C.
Samples were then separated by SDS-PAGE
(12.5%) electrophoresis and stained with Coomas-
sie brilliant blue-G-250 and destained overnight.
For quantification, see Supplemental Experimental
Procedures.
Crystallization and Structure Determination
Crystals of DIBB-importin a1 bound to PB2-NLD
were obtained by mixing equal volumes of gel filtra-
tion-purified complex at 7.5 mg/ml with 0.49 M Naphosphate monobasic and 0.91 M K phosphate dibasic (pH 6.9) and equili-
brating the droplet against 600 ml of the same precipitant. DIBB-importin a7
bound to PB2-NLD was crystallized by mixing together protein complex at
9 mg/ml with an equal volume of 0.2 M magnesium acetate, 12% PEG 8000,
0.1 M Na cacodylate (pH 6.5) and equilibrating the droplet against 600 ml of
the same precipitant. Crystals of DIBB-importin a3 bound to PB2-NLD were
obtained mixing equal volumes of protein complex at 20 mg/ml with 0.1 M
Na cacodylate, 0.1 M NaCl, and 1.1 M ammonium sulfate and equilibrating
the droplet over 600 ml of 1 M NaCl. All crystals were harvested in nylon
cryoloops, cryoprotected with 27% ethylene glycol, and flash-frozen in liquid
nitrogen. Crystals were diffracted at beamlines X6A and X29 at the National
Synchrotron Light Source on a Quantum Q270 and a Quantum-315r CCD de-
tector, respectively. Data indexing, integration, and scaling were carried out
with the HKL2000 (Otwinowski and Minor, 1997). Initial phases were obtained
by molecular replacement using Phaser (McCoy, 2007) and PDB entry 3Q5U
as a search model. Atomic models were built using Coot (Emsley and Cowtan,
2004) and refined using phenix.refine (Adams et al., 2002). Data collection and
refinement statistics are summarized in Table 1.
MD Simulations
All simulations were based on the structures of a1, a3, and a7 bound to PB2-
NLD determined in this work and unliganded importin a structures obtained by
stripping the atomic coordinates of PB2-NLD. Equilibrium MD simulations
were performed for 0.4 ms using GROMACS 4.6 (Pronk et al., 2013; Hess
et al., 2008) and the amber99sb_ildn force-field (Lindorff-Larsen et al., 2010)
but were otherwise as previously described (Kappel et al., 2010).
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